The gamma-ray mass attenuation coefficients of various absorber materials such as Ag, Al, Au, Bakelite, Cu, Fe, Pb, Plexiglas, Si, Sn, water, and Zn were determined theoretically at different gamma-ray energies and different absorber thicknesses in order to investigate how the number of gamma photons and their energies affect the calculation of mass attenuation coefficients of the absorbers since no study such a comprehensive work here was encountered. For this purpose, the FLUKA Monte Carlo (MC) and XCOM programs were used. Calculated coefficients were compared to the literature values and found to agree well with them. The FLUKA MC program was successful in the calculation of gamma-ray mass attenuation coefficients of materials as was XCOM. The coefficient results were affected by the number of incident gamma photons in the calculation, and a high incident photon number was suggested.
Introduction
A gamma ray is removed from a beam entirely by either absorption or scattering. The gamma rays that pass straight through, therefore, are those that have not suffered any interactions at all. They therefore retain their original energy. The total number of gamma rays is, however, reduced by the numbers that have interacted. The attenuation suffered by a gamma-ray beam can be shown, in fact, to be exponential with respect to thickness, i.e.
I(x) = I 0 e
−µx (1) with I 0 : incident beam intensity or gamma-ray numbers, x: thickness of absorber, µ : linear attenuation coefficient, I(x): the intensity transmitting through x thickness. The attenuation coefficient is a quantity that is characteristic of the absorbing material [1] .
To understand the particle interaction in matter and its kinematics, Monte Carlo (MC) simulation tools are used. FLUKA is one of them and is widely used in many areas such as target shielding, detector design, and medical physics [2, 3] .
In many scientific, engineering, and medical applications, data on the scattering and absorption of photons (X-rays, gamma-rays, bremsstrahlung) are necessary. Using a personal computer, it is possible to find cross sections and attenuation coefficients for compounds and mixtures for desired energies from 1 keV up to 100 GeV. For this purpose, the XCOM computer program is used [4] .
Linear attenuation coefficient (µ) varies with the density of the absorber, even though the absorber material is the same. Therefore, the mass attenuation coefficient is much more widely used and is defined as
where ρ is the density of the medium [5] .
Various studies were carried out about the calculation of gamma-ray attenuation coefficients through theoretical and experimental methods in the 2000s. Some examples in relation with the subject are summarized as follows: Shirmardi et al. investigated gamma-ray mass attenuation coefficients of various barites, concretes, and lead at 0.662, 1.173, and 1.332 MeV energies using MCNP-4C code [6] . The gamma-ray mass attenuation coefficients of different absorber materials for 59.4, 661.6, and 1332.5 keV energies were determined experimentally by Abdel-Rahman et al. [7] . El-Sersy et al. studied the gamma-ray mass attenuation coefficients of various glass systems [8] . Gamma-ray mass attenuation values of different gemstones were calculated by Medhat [9] . Medhat also calculated gamma-ray mass attenuation coefficients for different types of composite materials by means of theoretical and experimental methods and he also compared the obtained coefficient values with XCOM results [10] . Mass attenuation coefficients of gold, bronze, and water at different impurities were calculated by MCNP-4C code and also compared to XCOM values by Esfandiari et al. [11] . Medhat and Wang carried out a study about mass attenuation coefficients of various scintillator materials such as BaF 2 , BGO, and NaI (Tl) and compared them with the XCOM results [12] . Some publications are available in relation to the subject of the presented work in the 2010s in Turkey as well. For example, Demir et al. calculated the gamma-ray mass attenuation coefficients of water, concrete, and Bakelite by means of FLUKA, and XCOM was also used to check the accuracy of their results [13] . Gamma-ray linear attenuation coefficients of Plexiglas, Bakelite, and Pb were determined experimentally by Ermis and Celiktas. They also used XCOM for comparison of their results [14] . Akca and Erzeneoglu determined gamma-ray mass attenuation coefficients of some elements at the energy of 59.5 keV experimentally, and they also compared their results with XCOM results [15] .
In the present study, gamma-ray mass attenuation coefficients of Pb, Al, Cu, Plexiglas, Bakelite, Ag, Fe, Si, Au, water, Zn, and Sn absorber materials at various thicknesses (1, 3, and 5 cm) were calculated using the FLUKA MC and XCOM programs at eight different gamma-ray energies (59.5, 80.9, 140.5, 36.5, 511.0, 661.6, 1173.2, and 1332.5 keV) since no investigation about the subject through these programs was reported. In addition, the effect of the number of incident gamma photons on the absorbers was investigated differently from the literature ones. Calculated mass attenuation coefficients by choosing various gamma photon numbers and energies were also compared with each other and the literature values. It was found that the calculated mass attenuation coefficients were very close to the literature values. Moreover, the obtained results showed that the mass attenuation coefficients of the materials in various densities and atomic numbers were accurately calculated by means of FLUKA in a wide gamma energy range as an alternative way.
Methods
Al, Si, Fe, Cu, Zn, Ag, Sn, Au, Pb, water, Plexiglas (C 5 O 2 H 8 ), and Bakelite (H 2 CO)(C 6 H 5 OH) materials were used for the determination of gamma-ray mass attenuation coefficients. In addition, these materials were chosen so that they were the same as those in the literature and it was possible to compare directly the results from FLUKA with them [13] [14] [15] [16] [17] . The effect of the number of incident gamma photons on the materials was also investigated in the introduced study, unlike in the previous ones. A simple description about the theoretical procedure is given below.
FLUKA was operated on an Ubuntu (ver. 11.04) operating system. In the MC simulation, the program (ver. 2011.2.15) was used to determine the gamma photon numbers transmitted through the absorber materials. This was done by modifying the FLUKA user routines, which were written in FORTRAN programming language. Even if there are built-in scoring cards to evaluate requested quantities, it has also various routines to retrieve information from different processes. In this work, mgdraw.f routine and its subroutines were used. For FLUKA code, we utilized the advantage of the built-in physics list, PRECISIO physics for FLUKA. More details about this physics list can be found in the literature [2, 3] . While performing simulations for each gamma-ray energy impinging on different materials we also took advantage of parallel job executions by using the power of PYTHON scripting language, as well as in the analysis phase of the results. Photons with different energies were tracked as from the surface of the material in the simulation. Afterwards, we determined the number of absorbed photons in the material to evaluate mass attenuation coefficients from the known equation (1) . After ten cycles run of each set of different materials and gamma energies, mass attenuation coefficients were calculated from the resulting output files, which were analyzed by a ROOT (ver. 5.34.13) macro. The mean of the ten cycles run of each material was given as calculation result with the standard deviation calculated by the program.
In the FLUKA calculations, the absorber materials were first formed with their thicknesses. Monoenergetic gamma rays with energies of 59.5, 80.9, 140.5, 356.5, 511.0, 661.6, 1173.2, and 1332.5 keV were then sent to each absorber surface. These gamma ray energies were chosen by considering the standard radioactive sources that emit gamma rays. The considered radioactive sources and the energies of gamma rays that are emitted by them are listed in Table 1 . The transmitted gamma rays were followed by the program. Finally, the attenuation coefficients were found according to the equations in Eqs. (1) and (2). The gamma-ray mass attenuation coefficients of the absorbers were calculated using the XCOM program (ver. 3.1) as well. In the program, the absorber material was first chosen from its database. The gamma ray energy was then specified. The gamma-ray mass attenuation coefficient of the chosen material was finally calculated.
The calculated coefficients from the XCOM and FLUKA programs were compared to the literature values. The results are given in the next section.
Results and conclusions
In Tables 2-13, the attenuation coefficients calculated through FLUKA and XCOM are presented together with the literature values. Literature lines in Tables 2-13 were formed by using the results in the literature and National Institute of Standard and Technology (NIST) values. The calculated coefficients from FLUKA are given with their standard deviations in these tables.
Calculated mass attenuation coefficients versus gamma photon numbers, the gamma energies, and the absorber thickness of each absorber material are shown in the following figures, respectively (Figures 1-12 ).
As can be seen in Tables 2-6 and Figures 1-5 , the gamma-ray mass attenuation coefficients could be calculated at low energies (e.g., 59.5 and 80.9 keV) for the materials that have low densities and atomic numbers such as water, Bakelite, Plexiglas, Si, and Al. Low-energy gamma rays were also sent to the high-density and high-atomic number materials. These gamma rays were absorbed by the materials. As a result, the calculations could not be carried out at low energies for these materials such as Zn, Sn, Fe, Cu, Ag, Pb, and Au (Tables   7-13 and Figures 6-12 ). Figures 13-15 are also presented to show clearly the dependencies of mass attenuation coefficients of the materials on the incident gamma energies and the absorber densities. [18] 0.1980 (for 80 keV) [18] 0.1380 (for 150 keV) [18] 0.1040 (for 300 keV) [18] 0.0844 (for 500 keV) [18] 0.0742 [21] 0.0567 [20] 0.0532 [21] 0.2210 (for 80 keV) [18] 0.1440 (for 150 keV) [18] 0.1080 (for 300 keV) [18] 0.0873 (for 500 keV) [18] 0.0776 [20] 0.0589 [20] 0.0551 [20] The plots of calculated mass attenuation coefficients versus gamma (i.e. photon) energies and absorber densities are shown in Figures 13-15 for 5000 gamma photons together with different absorber thicknesses. 0.5950 (for 80 keV) [18] 0.1960 (for 150 keV) [18] 0.1101 (for 300 keV) [18] 0.0840 (for 500 keV) [18] 0.0731 [20] 0.0557 [20] 0.0521 [20] The calculated coefficients vs. incident gamma energies and absorber densities can be seen in the tables for different gamma photon numbers and absorber thicknesses also. [18] 0.7620 (for 80 keV) [18] 0.2220 (for 150 keV) [18] 0.1120 (for 300 keV) [18] 0.0834 (For 500 keV) [18] 0.0721 [21] 0.059 (for 1000 keV) [19] 0.0506 [21] As the incident gamma energies were increased, the calculated mass attenuation coefficient values decreased for all absorber thicknesses as expected (Figures 16-18 ). 0.8364 (for 80 keV) [19] 0.2341 (for 150 keV) [19] 0.1141 (for 300 keV) [19] 0.0845 (for 500 keV) [19] 0.0730 [20] 0.0548 [20] 0.0511 [20] 2.6510 (for 80 keV) [19] 0.5426 (for 150 keV) [19] 0.1560 (for 300 keV) [19] 0.0932 (for 500 keV) [19] 0.0815 (for 600 keV) [19] 0.0592 (for 1000 keV) [19] 0.0521 (for 1250 keV) [19] 2.9800 (for 80 keV) [18] 0.6010 (for 150 keV) [18] 0.1163 (for 300 keV) [18] 0.0924 (for 500 keV) [18] 0.0740 [21] 0.0580 (for 1000 keV) [19] 0.0488 [21] 1.8600 (for 150 keV) [19] 0.3744 (for 300 keV) [19] 0.1530 (for 500 keV) [19] 0.1194 (for 600 keV) [19] 0.0695 (for 1000 keV) [19] 0.0579 (for 1250 keV) [19] 1.6600 (for 80 keV) [19] 1.9200 (for 150 keV) [19] 0.3770 (for 300 keV) [19] 0.1520 (for 500 keV) [18] 0.1072 [21] 0.0615 [20] 0.0553 [21] 0.1830 (for 80 keV) [18] 0.1510 (for 150 keV) [18] 0.1190 (for 300 keV) [18] 0.0966 (for 500 keV) [18] 0.0896 (for 600 keV) [18] 0.0707 (for 1000 keV) [19] 0.0632 (for 1250 keV) [19] 0.1751 (for 80 keV) [19] 0.1456 (for 150 keV) [19] 0.1152 (for 300 keV) [19] 0.0941 (for 500 keV) [19] 0.0891 [14] 0.0687 (for 1000 keV) [19] 0.0614 (for 1250 keV) [19] [19] 0.1707 (for 80 keV) [19] 0.1424 (for 150 keV) [19] 0.1127 (for 300 keV) [19] 0.0921 (for 500 keV) [19] 0.0850 (for 600 keV) [19] 0.0672 (for 1000 keV) [19] 0.0601 (for 1250 keV) [19] Bakel te P h o to n e n e r g y (k e V ) Figure 17 . Gamma-ray mass attenuation coefficients vs. photon energies at the absorber thickness of 3 cm.
Discussion
The gamma-ray mass attenuation coefficients of Pb, Al, Cu, Plexiglas, Bakelite, Fe, Sn, Zn, water, Si, Ag, and Au materials were determined by using FLUKA MC and XCOM. Different gamma photon numbers (1000, 5000, 10,000) and absorber thicknesses (1, 3, 5 cm) were chosen to investigate how these quantities affect mass attenuation coefficient results in FLUKA differently from the previous studies. The results obtained from the program showed that they were highly in accordance with the literature and NIST values. It can also be recognized that the incident gamma photon number is effective in the calculation results (Tables 2-13) . For Au, for instance, the mass attenuation coefficient could not be calculated for 1000 incident gamma photons at 661.6 keV but this value could be found for 5000 and 10,000 gamma photons with the same thicknesses. It is concluded from this result that high incident gamma photon numbers should be used for the FLUKA calculation especially for high-density and high-atomic number materials in order to obtain theoretical results more consistent with the literature values. Bakel te P h o to n e n e r g y ( k e V ) Figure 18 . Gamma-ray mass attenuation coefficients vs. photon energies at the absorber thickness of 5 cm.
The gamma-ray mass attenuation coefficients of the absorber materials used were also calculated using XCOM. It was noted that the coefficients from FLUKA were highly in accordance with XCOM results especially for 10,000 photons (Tables 2-13 ). This result supported the conclusion above that high photon number was suggested in FLUKA for mass attenuation coefficient calculations.
The goal of this work was to indicate the validity of the FLUKA program for the calculation of mass attenuation coefficients. For this purpose, calculations of the mass attenuation coefficients in a wide atomic number, density, and gamma ray energy range were carried out in this study. The mass attenuation coefficients calculated by FLUKA were also compared to results determined by the XCOM program. The coefficients calculated by using both programs were highly in accordance with the literature and NIST values. Consequently, the FLUKA MC program can efficiently be used as an alternative method to calculate the gamma-ray mass attenuation coefficient.
